Abstract: -The paper deals with the use of a mechatronic approach to an angle measuring system application where the objects to be measured are circular raster scales, rotary encoders and coded scales. The key task of the measuring system is to determine the bias of the angle measuring standard as a circular scale and to use the results for both error correction and achieving an improvement in accuracy of metal cutting machines, coordinate measuring machines, robots, etc. The technical solutions are given, together with the application of active materials for smart piezoactuators implemented in several positions of the angular measuring equipment. The mechatronic measuring system is analysed as a complex integrated system and some of its elements can be used as separate units. All these functional elements are described and discussed in some detail in the paper using diagrams and graphs illustrating the errors present, together with examples of microdisplacement devices using mechatronic elements of this type.
Introduction
The main constituents of the measuring system discussed in this work are an air bearing (of high precision where the uncertainty of the run-out is ~ 0.05 µm), a reference angle measurement device (a rotary encoder of high accuracy), a piezoelectric drive, a rotary adjustable table (with the possibility of being adjusted in at least three degrees of freedom), angular position reading devices for the object to be measured (photoelectric microscopes or autocollimators with CCD matrices) and fixtures for their adjustment in the radial, tangential and angular directions. In addition, the system involves using signal outputs from all the active elements being inputted to a PC, together with hardware and software designed for use in system adjustment, the control of the operation, transfer of the readings and processing and presentation of the results.
Techniques for angle calibration have been developed using mechatronic methods. The calibration equipment for the angle measurement comprises a number of elements spanning the fields of optics and electronics, including drives such as vibromotors and piezoelectric or stepper motors, together with digital information links and data processing techniques, involving computer control of all the processes, making this equipment typical of mechatronic systems today. The technical units from the test bench which are linked together include information channels, photoelectric microscopes and an autocollimator, an optical standard multiangular prism (polygon) and a rotary table driven by the stepper motor and controlled by photoelectric rotary encoder and a PC. The PC serves as the main control unit operating not only for the control of the measuring process, but also for the data selection and processing operations including mathematical statistical evaluation and the presentation of the final results in the form of digital protocol or the diagrams of the error distributions [1] .
Precision Positioning Evaluation
It is important to determine the quantity of information that can be obtained from an object that has been evaluated in order to provide a more thorough assessment and better accuracy during the calibration processes. The main problem that exists arises from the significant amount of information that is obtained in the calibration of scales, from measuring systems involving numerically-controlled machines and automated measuring equipment such as coordinate measuring machines (CMMs), for example. The typical length measurement interval, in the case of an evaluation of the accuracy (the calibration) is such that fewer than 20 positions could be measured, as it is indicated in CMM technical documentation. This can help in the determination of the impact of mechatronic systems on these informationmeasuring systems to achieve an elimination of any systematic errors. Piezoplates and simplified systems using piezomaterials are used to achieve micrometric displacement, to allow for the correction of the systematic errors on the raster scale. The correction of errors occurs by control of the piezoplate, achieved by changing a voltage supplied to the electrode electromechanically coupled to the raster scale, changing the width of the electrode coating of the piezoplate. According to the principle of minimum of potential energy , where u, v are the components of displacements at the zone controlled into the direction of the appropriate coordinates and k 1 , k 2 are the coefficients of the electromechanical coupling. For a more exact assessment of the error distribution and to allow for possible corrections, the relative entropy parameters must be evaluated [5] . A piezoelectric system that was used is shown in Fig. 1 for incorporation in a rotary table used for angle measurements, used for the measurement of circular raster and coded scales in conjunction with the strokes reading instruments with the photoelectric microscopes or the autocollimators used for angle position determination. Information on the rotation can be used for manual control or an automated system developed so that it is controlled by the output signal from the rotary encoder. This can help in the determination of the impact of this mechatronic device on the informationmeasuring system, thus allowing for the elimination of systematic errors. A case where scale errors have been corrected is presented in the literature [7, 8] . Piezoplates and simplified devices constructed from piezomaterials were used to achieve a micrometric displacement to allow for the correction of the systematic errors of the raster scale. The correction of such errors is achieved through the voltage applied to the electrode electromechanically coupled to the raster scale, changing the width of the electrode coating of the piezoplate. The relative entropy is considered in assuming the distribution of the random value of q when the true distribution of this variable is p. Based on the explanations given above, the mutual information approach appears to be the most acceptable method to allow for an assessment of the multi-coordinate measuring systems. This mutual information model for 3D measurement is discussed below. Here the x, y and z axes are subdivided into k, l and m steps (divisions), respectively, and Δ is the length of a single step of the scale of the information-measuring system. Therefore, the intervals of the measurement values extend to 
If all dimensions are independent of each other, no information can be gained about any of the variables by fixing the value in one dimension. The case where the two remaining dimensions are fixed produces analogous results using the previous equations:
The general expression for a bivariate normal distribution is given by the formula: The expressions for the bivariate conditional normal distributions to be placed in the denominator of equation (2) 
where the r's are correlation coefficients between the corresponding random variables, while the m's and the σ's are the means and the standard deviations of the random variables indicated by the indexes, respectively. In Fig. 2 the relationship between the total number of strokes on the scale m, its information, I, and the number of the stroke positions already assessed on the scale b is displayed. It is assumed that the base of the logarithm is 2. Fig. 2 . The relationship between the total and assessed number of strokes with the quantity of information of the scale, where m is the number of strokes on the scale, b is the number of the assessed strokes on the scale and I is the quantity of information
Three Dimentional Case
The measurements of the geometrical parameters of the parts concerned are usually performed using very expensive 3D measuring equipment -coordinate measuring machines (CMMs) having a high precision mechanical base equipped with very high precision slideways. Such CMMs are examples of highly complex, precise and very expensive equipment. The most precise methods are used for the assessment of the accuracy of these CMMs, to allow the use of mechatronic techniques for making corrections. This approach is used only at the initial phase of production of such machines and any further accuracy assurance is carried out using the mechatronic devices, controlled by the PC that forms part of the measurement system. The main task here is to determine the correctional displacement values for all the relevant co-ordinate displacements by use of a series of calculations and then to perform the additional movement required using the final part of the kinematic chain of the machine. Examples of this include the grip on the arm of an industrial robot, the probe forming part of a CMM (a measuring robot), the cutting instrument of a metal cutting tool, etc. In this case, piezoelectric plates, made from cylindrical or spherical components are important devices to be incorporated into the final machine element to achieve the correctional microdisplacement required. The final element of CMM, a touch-probe with a piezoelectric cylinder and the electrodes to provide the power, is shown in Fig.3 . The piezoelectric active elements also are implanted into the sliding parts of the machine i.e. the console moving along the y-axis, the carriage moving along the x-axis and the arm with the touchprobe moving in the direction of the z-axis. New, active materials with high piezoelectric or magnetostrictive properties (Terfenol-D, flexible piezoactive materials, etc.) show considerable applications potential with a high level of integration and multi-functionality [9] . They may be implemented as shown in Fig. 3 , giving the possibility of achieving a correction of the position of the part in 3D space, thereby compensating the systematic error in the measured displacement. The methods used permit the control of the accuracy of the displacement of various parts of the machine, or of the transducers or the final element in the kinematic chain, such as the touch-probe or the cutting tool of the machine.
Conclusion
An approach using mechatronic techniques for measurement using angle measuring systems is described, thereby giving information on the accuracy of the angular displacement and determining values of errors that could then be corrected by use of mechatronic techniques. Information is given which allows the evaluation of the calibration of the circular scales or rotary encoders and in addition giving information on what was assessed in total during this process. Thus an effective computercontrolled rotary table for angular measurements has been developed for the measurement of the circular raster scales, rotary encoders or angle measuring instruments.
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